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ABSTRACT 


This paper presents the doubly fed induction motor (DFIM) speed control 
using adaptive fuzzy logic PI (AFLPI) controller to give better dynamic 
performances. Before the advent of modern technology, integral proportional 
based current controller is usually used due to its simplicity. But, the 
effectiveness of closed-loop control is widely affected by applied this type of 
controls, taking into account that the PI controllers have tuning problems. To 
overcome the problem, a new technique AFLPI based speed controller for 
direct field oriented control fed DFIM to get fast speed response and to 
minimize the torque ripple. The application of this type of control is very 
satisfactory to replace the conventional PI controller and, even the fuzzy 
logic PI (FLPI) controller. The performances of DFIM driving under the 
field-oriented application are simulated under different operating conditions 
using the AFLPI controller. The simulation results obtained with AFLPI are 
compared with those obtained in the case of the FLPI controller and the 
conventional PI controller. Accordingly, an improvement in dynamic and 
robustness is clearly appears in AFLPI controller simulation results 
compared to the others aforementioned controllers. Simulation Results are 
presented for the three techniques using Matlab/Simulink to prove the 
dynamic performances and robustness. 
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1. INTRODUCTION 


Doubly fed induction motor (DFIM) has a key role in the industrial field because of its low cost, 
rigidity, reasonable dimension, low maintenance and it's one of the most largely electric motors used to 
convert electrical energy to mechanical energy. In addition, The DFIMs have been shown promising 
prospects as a machine in the variable speed applications [1—3]. The control techniques applied to electric 
motors become effective thanks to advances in semiconductor components and digital technologies [4, 5]. 

The DFIM control flexibility is very higher due to independent of flux, torque, slip and power factor 
[6]. The DFIM structure makes it possible to measure the quantities of rotor currents, which makes the 
acquisition of the flux vector necessary for vector control purposes depend only on the knowledge of the 


motor reactance. 


The DFIM structure makes it possible to adjust the input and output rotor windings flux in order to 
obtain both a variable speed in super-synchronous or sub-synchronous modes characterized. However, the 
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major obstacle that makes the DFIM control complicated, is the difficulty to obtain the decoupling of the 
torque and the flux. To overcome this obstacle, an algorithm with high performances was developed to allow 
easily to the DFIM control [7, 8]. 

Conventional PI controllers can only be tuned at a specific operating point, and the change of this 
operating point maks these types of controllers act in an unsatisfactory manner. To solve this problem, fuzzy 
logic controllers can be replaced the conventional PI controllers. However, this type of controller has a major 
drawback, when specialized knowledge is required to determine the membership functions and the rules. To 
eliminate the aforementioned drawback, it must be using the combination of both controllers namely adaptive 
fuzzy logic controller [9]. 

The performance satisfaction for an electromechanical closed-loop control application is generally 
required controlling the speed by a PI controller to eliminate the static error and reduce the speed response 
time. Many techniques have been applied to adjust the PI controller in order to eliminate the speed overshoot 
when starting the motor which is related to the controller and the machine parameters [10, 11]. 

The combination of PI controllers and AFL technology is expressed among recent research topics in 
the control of electrical machines [12-14]. Recently, the combined AFLPI controller has largely used in 
industrial applications to improve the results of nonlinear and complex processes. Among the AFLPI 
controller performances is robustness, do not need a precise mathematical electric machine model and the 
insensitivity to parameter variations. In recent decades, modern technology allowed the fast increasing 
development of approximation theory, as an adaptive control method was introduced to deal with nonlinear 
parametric uncertainty systems based on a fuzzy logic system [15, 16]. The main two drawbacks of the FLPI 
controller design are respectively, getting an adequate rule for the application and selecting scaling factors 
prior to fuzzification and defuzzification, as expediting the design determination parameters and reduce the 
computation time are the appropriate solution to overcome these drawbacks. 

Several adaptive techniques have been proposed as solutions to overcome these problems. In [17], 
the authors present an online method for adapting the scaling factors of the FL controller, this method is 
considered as a solution to design an adaptive fuzzy controller. The aim of the proposed technique is to adapt 
online scaling factors according to a performance measure, and the purpose of that is to refine the controller 
and improve the drive system performance. 

In this paper, AFLPI controller performances investigation to improve DFIM FLPI speed controller 
gains. The paper is organized as follows. In section 2, the DFIM model, field-oriented control and inverter 
are developed. The methodology approaches of the AFLPI controller and FLPI controller are presented, in 
section 3. The simulation results and their discussion are presented in section 4. Finally, the conclusion is 
presented in the last section. 


2. DESCRIPTION OF THE SYSTEM 
The closed-loop system is illustrated in Figure 1 below, two converters (rectifier and inverter) are 
presented respectively, the first is connected to the stator and the other is connected to the rotor [18]. 
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Figure 1. Global scheme of the studied system with adjustment speed control 
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The DFIM mathematical model must be taken into account some simplify hypotheses to get a 
dynamic model make it possible to control the electrical system. [19]. 


3. MODELING SYSTEM 

Simplifying assumptions are necessary to avoid the DFIM structure complexity and getting a 
dynamic model [20]: Considering that the rotor is symmetrical with a uniform air-gap, the magnetic circuit is 
perfectly laminated and not saturated, with sort of the iron losses and hysteresis are negligible and only the 
windings are through by currents; stator and rotor phases are created the MMFs considered perfectly 
sinusoidal distributions along the gap. Therefore, the DFIM mathematical dynamic model is described as 
follow: 
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The overall DFIM dynamic model in the d-q plan can be reported as following [21]: 
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The mechanical equation is given as follow: 


dR 
Jz = Tem — Tr — Kp 0 (6) 


The electromagnetic torque expression is given as follow : 


Tem = P 7 (Pra isq — Prq isa) (7) 
Where 
O.20% : Stator and rotor electrical angles 
0; Q : Rotor mechanical position and speed 
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Ws, Wr, W : Electrical frequencies of stator, rotor and shaft 
To Tem : Load and electromagnetic torque 
g= 1-= (= ) : Leakage coefficient 
LsLy 
Vsd» Vsq: Vra» Vrq : Stator and rotor d-q axes voltages 
lds» lgs»lravtrq  : Stator and rotor d-q axes currents 
Reny : Stator and rotor resistance 
Kp : Friction coefficient 


The purpose of vector control is to ensure decoupled control of flow and torque [22]. In the Figure 2 
clearly shows the vector representation of vector control in the synchronous frame of reference whose axis d 
is aligned with the rotor flux vector p,q = p*and qr = 0. 






Rotor axis 


Stator axis 
Figure 2. Rotor orientation diagram 


In order to obtain a good decoupling between the axes d and q, the intermediate voltages are defined 
by the following equations: 


M 
Visa = Vsa — L’ rd 
M 





Visq = Vsq = ra 
M (8) 
Vira = Vra — 7 Vsa 
S 
M 
Vira = Vrq = Te Vsq 
The transfer functions connecting the stator and rotor components of each axis are: 
Isa(s) _ _Isa(s) _ 
Vtsdc(s) Vtsqc(s) Rst+oLg.S r 
Ira(s) _ Irq(S) _ 1 ( ) 





Vtrdc(s) Vtrqc(s) Rr+oLr.S 


4. ADAPTIVE FUZZY CONTROL DESIGN FOR DFIM 

Regarding the adaptive fuzzy controller which is based on the theory of the yapunov, we proceed 
according to two phases, at the beginning we start by designing a fuzzy PI controller, whereas later and 
secondly, we decide to the method of determining the gains of a fuzzy regulator based on the aforementioned 
theory. This controller that we applied to DFIM is under the assurance of a controller of the FLPI 
type[23,24]. In this work, we implemented another strategy, completely new which ensures adaptive fuzzy 
control based on the theory of the yapunov to delimit the gains K, and Kace (normalized), being able to be 
implemented in a vast class of nonlinear systems it is argued that the advantages of two techniques are 
assembled and are both known to be very solid, in this case, the control by fuzzy logic and the adaptive one 
[25].It is however possible to highlight what characterizes the application of the controller on a DFIM so that 
it follows the reference speed. 
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5. STUDY OF THE ADAPTATION MECHANISM 
There are many notions of stability for dynamic systems. We will study the following notion: 
e Asymptotic stability: Lyapunov stability and trajectories tend asymptotically to 0. 
We consider a nonlinear system whose mechanical equation of DFIM is described in the following form: 


J dQ, (t) 
s at 





k 
= Tem — T, — | Or (6) (10) 


The previously equation can reformulated as follow: 


= (t) 


O,(t) = 





= byTem(t) — dyT, — a(t) (11) 
By replacing equation (43) in equation (44), we obtain the following form: 
01, Ct) = =A OD, (t) + byTem (t 7 1) + bpKacedTnem (t) — dT (12) 


u 


The error e (t) and its derivative —— are used to build the base of the adaptation mechanism of the 


adaptive fuzzy logic controller. Each size of the adaptation mechanism is of the following form: The speed 
error noted e (t) is defined by: 


e(t) = ke(Qref — Q (t)) (13) 


The derivative of the speed error noted by: 


' _ de(t) | aAQref(t) _ ANr(t) 
e(t) = dt ke ( dt dt ) us) 





So, we get as follows: 


a 


é(t) = = ke(—ap (t) + byTéem(t — 1) + byKacedTnem(t) — dpT;) (15) 


Since 


dNré l me 
—_ © = 0 analysis of the stability of the proposed order. 


6. RESULTS AND DISCUSSION 

After the contribution and implementation of the machine model with different types of speed- 
adjustable control in the Matlab/Simulink environment, the torque and speed simulation result is shown in the 
Figure 3.The machine operating in its nominal condition with a reference speed 150 rad / s, a torque load T, = 
10 N.m applied at (0.7 s <t < 1.7 s). 

In this section, the performances of the proposed control scheme are illustrated by numerical 
simulation. Meanwhile, the proposed control method compared with FLPI controller in terms of response to 
speed variation, sensitivity to external load disturbances and robustness against parameter variations. 

Note that all the design parameters in those control systems are chosen to achieve a satisfactory transient 
control performance considering the requirement of stability. 

Comparative performances of AFLPI controller, FLPI controller and PI controller for tests performed under 
the same conditions are studied. The response of DFIM is observed under different operating conditions such 
as a step change in the control speed or a sudden change in the load. 

Results of a set of tests of step changes in speed reference are shown in Figure 3 (c), Figure 4 (c), 
Figure 5 (c) and Figure 6 (c) for the DFIM. Variation in the reference speed at: t > 0.25 sec and t < 
1 sec, Q = 150 rad/s, t>1secandt < 2 sec,Q = —150 rad/s and t>2sec,Q=Orad/s, and a 
torque load T, = 10 N.m applied at (0.7 s<t< 1.7 s). 

In these tests the performance of the three controllers is evaluated in terms of speed response. It can 
be seen that the amplitude of transient oscillations of speed is lower with AFLPI controller which also has 
better rejection of perturbations. The results demonstrate that the AFLPI controller shows improvement, 
albeit small, in performance compared with the FLPI controller and conventional PI controller. 
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The estimated speeds deviate from the speed references when the conditions of the each DFIM are 
different. Steady-state errors in speed and electromagnetic torque variations are interrelated due to the motors 
being connected in parallel and there being coupling terms between the d-q axes of each motor. 

Finally, the simulation results of the DFIM using AFLPI controller, FLPI controller and PI 
controller were also analyzed regarding load torques and speed variations. These results confirm that the 
AFLPI controller demonstrates a slightly better performance under changing operating conditions and 
presents satisfactory performance. 
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Figure 3. Rotation speed and electromagnetic torque evolution under nominal parameters conditions. 
(a) Rotation speed for a steady-state reference speed conditions. (b) Electromagnetic torque corresponding to 
the rotor speed conditions. (c) Rotation speed for an alternate reference speed conditions. (d) Electromagnetic 
torque corresponding to the rotor speed conditions. 


Test with DFIM with perturbation parameters 

Test 1: the motor is operating at the same conditions aforementioned (nominal conditions). To study the 
effect of parameters variation on the performance of the different controllers, an increase with Rr = 1.5Rr, the 
performance of DFIM drive is greatly affected by the variation of this parameter especially at low speed at t= 
0.7sec and t = 1.7sec. But the conventional PI and FLPI controllers responses are larger than the margin 
value of AFLPI controller are shown on speed response in Figure 4 (a), on torque response in Figure 4 (b), 
also on the speed and torque responses when applying an alternate speed reference respectively in Figure 4 
(c) and Figure 4 (d). 


Test 2: an increasing of the stator resistance Rs=1.5Rs. From Figure 5, we can see that at starting up with no 
load or in case of nominal load, the AFLPI controller reaches its speed reference rapidly with a little 
overshoot compared to the FLPI or conventional PI controller. As consequence, the AFLPI controller has an 
excellent dynamic performance of speed and torque control is evident despite the stator resistance variation, 
even on the alternating speed test as shown in Figure 5 (c) and Figure 5 (d). 
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Figure 4. Rotation speed and electromagnetic torque evolution in perturbed case during Rr = 1.5Rr. 
(a) Rotation speed for a steady-state reference speed conditions. (b) Electromagnetic torque corresponding to 
the rotor speed conditions. (c) Rotation speed for an alternate reference speed conditions. (d) Electromagnetic 
torque corresponding to the rotor speed conditions. 
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Figure 5. Rotation speed and electromagnetic torque evolution in perturbed case during Rs = 1.5Rs. 
a) Rotation speed for a steady-state reference speed conditions. 
b) Electromagnetic torque corresponding to the rotor speed conditions. 
c) Rotation speed for an alternate reference speed conditions. 
d) Electromagnetic torque corresponding to the rotor speed conditions. 
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Test 3: an increasing of the inertia J=1.5J. The speed and electromagnetic torque tracking are respectively 
shown in Figure 6 (a) and Figure 6 (b). The proposed AFLPI controller shows a significant improvement in 
the time interval corresponding to the period of rapidly changing load conditions in term of response time 
and overshoot. The inertia variation has a little influence on the AFLPI controller and shows an excellent 
dynamic performance in case of alternating speed (Figure 6 (c) and Figure 6 (d)) compared with the FLPI or 
conventional PI controllers. 
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Figure 6. Rotation speed and electromagnetic torque evolution in perturbed case during J = 1.5J. 
(a) Rotation speed for a steady-state reference speed conditions. (b) Electromagnetic torque corresponding to 
the rotor speed conditions. (c) Rotation speed for an alternate reference speed conditions. (d) Electromagnetic 
torque corresponding to the rotor speed conditions. 


7. CONCLUSION 

The main purpose of this work is to take care of the torque as well as the speed of a DFIM using an 
appropriate vector control diagram. The stability of the control system is ensured by a way of conceiving this 
same control. The developed model is presented unlike the controllers proposed for DFIM because not 
requiring any mathematical model of the DFIM type following a simulation and the reader of the results there 
of, it has been proved that the adaptive fuzzy controller is far more effective in terms of ability to achieve 
more focused tracking and better monitoring of torque and speed and at the same time a more appropriate 
level of flow control in the presence of unstructured model and load uncertainties not known in all cases, and 
especially this fuzzy adaptive control system which we are talking about has proven to be more efficient in 
carrying out the follow-up command than the linearization vector system operating by feedback ultimately 
and in perspective of future research and work will target the putting into practice (in experimentation) of this 
controller subject of this work. 
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